Dynamin is a 100-kDa GTPase that is believed to be involved in the constriction of clathrin-coated pits and the fission of clathrin-coated vesicles during receptormediated endocytosis and during membrane retrieval in nerve termini. It has been shown that purified dynamin incubated under low salt conditions forms rings and spirals that, in dimension and appearance, resemble the dense material occasionally observed at the necks of coated pits. In this report we show that purified dynamin forms spirals under physiological salt conditions when incubated with GDP and ␥-phosphate analogues (beryllium and aluminum fluoride) or when dialyzed into guanosine 5-3-O-(thio)triphosphate. Moreover, spirals still form when dynamin is proteolyzed to either a predominant ϳ90-kDa species, lacking the C terminus, or to two smaller fragments, a ϳ55-kDa species originating from the N-terminal half of the protein and a ϳ30-kDa species lacking both the N and C termini. This work indicates that the addition of GDP and ␥-phosphate analogues arrests dynamin in a GTP or transition state that markedly stabilizes the spiral conformation under physiological ionic strength conditions and thereby suggests that dynamin in the absence of a receptor is capable of assembly into spirals at the necks of coated pits prior to vesicle fission.
Dynamin, a 100-kDa GTPase, is involved in the final steps of vesicle fission during receptor-mediated endocytosis and membrane retrieval in synapses. The discovery that dynamin is the mammalian homologue of the shibire gene product in Drosophila was the first evidence that dynamin plays a role in endocytosis (1, 2) . Drosophila expressing the mutant shibire ts gene product exhibit a rapid and reversible paralysis at the nonpermissive temperature (3) . Thin section electron micrographs of the mutant nerve termini revealed an absence of synaptic vesicles and an accumulation of coated pits with necks that were surrounded by a dense material referred to as a "collar" (4 -6) . This suggested that the shibire gene product was crucial for membrane retrieval because the mutant blocked vesicle fission.
Dynamin was originally identified as a microtubule-binding protein from bovine brain extracts (7) and was subsequently determined to be a member of the GTPase superfamily (8) . In addition to the originally identified neuronal dynamin (dynamin-1), two isoforms have been discovered: ubiquitously expressed dynamin-2 (9, 10) and testes-specific dynamin-3 (11) . Within the highly conserved isoforms there are several domains that have been implicated in mediating protein-protein interactions. These include a "self-assembly" motif near the N terminus that was initially characterized for Mx, a member of the dynamin family of GTPases (12) . Dynamin also contains a pleckstrin homology domain, a coiled-coil domain, and a proline-rich C terminus, all of which may be of particular functional importance (for review see Refs. 13 and 14) .
Effector molecules that stimulate the GTPase activity of dynamin have been shown to bind to the C terminus of dynamin. These include a subset of SH3-containing proteins that bind to the SH3-binding domains of dynamin located within the proline-rich C terminus (15) . In addition, microtubules and anionic lipids have been shown to stimulate the GTPase activity of dynamin through its C terminus by positive cooperativity (16) . However, evidence indicates that the specific site of interaction between dynamin and the effector molecules, or the mechanism of the stimulation of dynamin, differs between microtubules (or GRB2, an SH3-containing protein) and anionic lipids (17) . In either case the multivalent effector molecules may simply provide a backbone for dynamin-dynamin interactions (18) . Self-assembly of dynamin in the absence of any effector molecule has been shown to stimulate its GTPase activity (17, 19) and thus may be the physiologically relevant activation of dynamin (19) .
Mutant forms of dynamin overexpressed in mammalian cells implicated a direct role for dynamin in receptor-mediated endocytosis (20 -23) . Cells overexpressing a mutant form of dynamin deficient in GTP binding (K44A) or a temperaturesensitive mutation (G273D) homologous to shibire accumulated coated pits that failed to constrict or pinch off (22, 23) . These results correlated well with known GTP requirements for vesicle formation; GTP binding is required for the constriction of coated pits, whereas GTP hydrolysis is required for vesicle fission (Ref. 24 ; for review see Ref. 13) .
Further elucidation of the role of dynamin in vesicle fission came from examining purified dynamin by electron microscopy. This work revealed that the basic assembly unit of dynamin, a tetramer, can polymerize into rings or spirals that resemble the collar structures seen at the necks of coated pits in the shibire mutant nerve termini (4, 25) . Dynamin spirals also resemble the striation pattern seen on long tubules, which originate from the plasma membrane and end in a coated pit. These tubules are observed in synaptosomes treated with GTP␥S 1 (26) . Dynamin was immunolocalized to these long tubules but not to the terminal coated pits (26) . These results, in light of previous work, have led to a working model of the role of dynamin in endocytosis (25) (for review see Ref. 27 ). In this model, dynamin is first recruited to clathrin lattices on the plasma membrane; however, it remains unknown if GDP is bound or if dynamin is an apoprotein at this step. GTP binding then redistributes dynamin to the necks of invaginating coated pits where it * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
assembles into spirals and constricts the necks. Finally, GTP hydrolysis may cause a conformational change in dynamin spirals that would lead to coated vesicle fission.
We have shown previously that wild type dynamin forms spirals under low salt conditions (Ͻ50 mM) and that under these conditions GTP binding appears not to be required because K44A was also capable of polymerizing (25) . It was also found that the addition of any guanine nucleotide (GTP, GDP, or GTP␥S) caused wild type dynamin to disassemble, and significantly higher concentrations of GTP were required for K44A disassembly (19) . In addition, it was shown that the removal of the C terminus of dynamin (resulting in a ϳ90-kDa species) prior to incubation in low salt prevented dynamin assembly (25) .
In this report, we show that the addition of GDP and beryllium fluoride or aluminum fluoride causes dynamin to form spirals under physiological salt conditions (150 mM NaCl). Furthermore, in contrast to previous results, dynamin treated with GTP␥S also assembled into rings and spirals. This suggests that the addition of GDP and metallofluorides to purified dynamin mimics a GTP or transition state. This is consistent with the fact that spiral structures are seen when synaptosomes are incubated with GTP␥S (26) . In addition, the collar or small spirals seen at the necks of coated pits in the shibire nerve termini have been postulated to be the result of the failure of dynamin to hydrolyze GTP (23). When we proteolyzed dynamin to a predominant ϳ90-kDa species or further proteolyzed it to two smaller fragments, a ϳ55-kDa and a ϳ30-kDa species, prior to beryllium fluoride and GDP treatment, dynamin maintained the ability to form rings and spirals. This is in contrast to earlier findings in which the ϳ90-kDa species was unable to form spirals upon incubation in low salt. These results suggest that a GTP or transition state highly favors and stabilizes dynamin in the ring or spiral conformation and that this state may represent a crucial step in the GTPase cycle of dynamin, which is responsible for coated pit constriction and subsequent vesicle fission.
EXPERIMENTAL PROCEDURES
Materials-TN5-JE insect cells were obtained from J. Elder at The Scripps Research Institute. Sf-900 II serum-free medium was purchased from Life Technologies, Inc. Protease inhibitor tablets, Pefabloc, GMP-PNP, papain, and TLCK were from Boehringer Mannheim. Macro-Prep High Q anion exchange support and Macro-Prep Ceramic Hydroxyapatite TYPE I were purchased from Bio-Rad, and calpain inhibitor I was from Calbiochem. Beryllium chloride was purchased from Aldrich Chemical Co., and GDP and subtilisin were from Sigma. Hudy-1 antibody was generously supplied by S. Schmid (The Scripps Research Institute) (18) , and ␣-dyn (D25520) was purchased from Transduction Laboratories. Peptide antibodies MC13 and MC63 were kindly provided by M. McNiven (28) . All other chemicals were reagent grade.
Expression and Purification of Recombinant Dynamin-1-Dynamin-1 was expressed in baculovirus-infected TN5-JE cells and harvested 48 h post-infection by centrifugation at 500 ϫ g for 10 min at 4°C and purified as described previously (19) . All steps were performed at 4°C. In brief, the cell pellet from a ϳ300-ml cell suspension (10 6 cells/ml) was washed with phosphate-buffered saline and repelleted. The cell pellet was resuspended in 25 ml of Hepes column buffer (HCB, 20 mM Hepes, pH 7.2, 2 mM EGTA, 1 mM MgCl 2 , 1 mM dithiothreitol) containing 100 mM NaCl (HCB100), a protease inhibitor tablet, 1 mM phenylmethylsulfonyl fluoride, and 0.85 g of calpain inhibitor I. Cells were homogenized by nitrogen cavitation at 500 psi for 20 min and then slowly released. The homogenate was centrifuged at 52,000 rpm for 60 min in a Beckman 70.1 Ti rotor. The supernatant was collected and slowly brought to 30% ammonium sulfate by dropwise addition of 60% ammonium sulfate (0°C) in HCB0 (no NaCl) while stirring and then allowed to remain at 4°C for 30 min. The solution was centrifuged in a Beckman JA-20 rotor at 10,000 ϫ g for 10 min. The pellet was resuspended in 3 ml of HCB100, diluted 1:1 with HCB0, and then recentrifuged at 10,000 ϫ g for 10 min to remove protein aggregates.
The supernatant was applied to a High-Q anion exchange column pre-equilibrated with HCB50. The column was washed with 20 ml of HCB 50 and then with 30 ml of HCB100 before eluting dynamin with 10 ml of HCB250. Peak fractions were pooled, and 0.1 mM Pefabloc protease inhibitor was added before loading onto a Hydroxyapatite column pre-equilibrated with HCB250, 5 mM CaCl 2 . The column was washed with 20 ml of 200 mM KH 2 PO 4 , pH 7.2, and dynamin was eluted with 20 ml of 400 mM KH 2 PO 4 . Aliquots were stored at Ϫ80°C in 400 mM KH 2 PO 4 containing 0.1 mM Pefabloc protease inhibitor, 1 mM dithiothreitol, and 5% ethylene glycol. Sedimentation Assay-Dynamin was incubated with 1 mM GDP, 500 M AlCl 3 , and 5 mM NaF in HCB150 (150 mM NaCl) for 15 min at room temperature or was dialyzed overnight at 4°C into HCB150 containing 1 mM dithiothreitol, 5% ethylene glycol, GDP (10 M to 1 mM), 5 mM NaF, and 500 M BeCl 2 . Dialysis with 10 or 100 M GTP␥S was also done in HCB150 overnight at 4°C. Control conditions were 150 mM NaCl alone, GDP alone, or AlF x (BeF x ) alone. 2 Spectra/Por 1 membrane tubing with a molecular mass cut-off of 6,000 -8,000 Da (Spectrum Medical Industries, Houston, TX) was used for dialysis. Samples were centrifuged at 100,000 ϫ g for 15 min at 4°C in a Beckman TLA 100 rotor (25) . The resultant supernatant and pellet fractions were then analyzed by SDS-polyacrylamide gel electrophoresis, stained with Coomassie Brilliant Blue, and quantitated by using NIH Image software. For GMP-PNP experiments, dynamin was dialyzed overnight with 100 M GMP-PNP in HCB150 and assayed as described above.
Subtilisin and Papain Digestion-Dynamin, in 400 mM KH 2 PO 4 , pH 7.2, was proteolyzed by subtilisin for 1 h either on ice or at room temperature at a concentration of 1:400 w/w (subtilisin:dynamin). The reaction was stopped by addition of 1 mM phenylmethylsulfonyl fluoride. Dynamin was proteolyzed by papain for 30 min at room temperature. The reaction was stopped by the addition of 1.4 mM TLCK. The proteolytic fragments were then dialyzed overnight, as described above, into HCB150 with GDP/BeF x , and with either 1 mM phenylmethylsulfonyl fluoride or 1.4 mM TLCK. The dialyzed samples were examined by the sedimentation assay, Western blotting, and by negative stain electron microscopy. Western blot analysis was performed by standard methods; samples were incubated with Hudy-1 at 0.1 g/ml (18), ␣-dyn (D25520) at 0.25 g/ml, MC13 at 1:1000, and MC63 at 1:1000.
Electron Microscopy-Dynamin incubated or dialyzed under the various conditions described above was examined by transmission electron microscopy prior to sedimentation. Samples were diluted to ϳ0.1 mg/ ml, adsorbed to 400 mesh carbon-coated EM grids, and negatively stained with 2% uranyl acetate before air drying. Electron micrographs were obtained using a Philips 400 or CM120 electron microscope at 100 kV and recorded at 35,000ϫ at a defocus of 1.15 m.
RESULTS
In this paper we show that dynamin polymerizes into spirals under physiological salt conditions upon the addition of GDP and beryllium fluoride or aluminum fluoride. It has been established that dynamin assembly can be quantified by a sedimentation assay in which polymerized assembled dynamin appears in the pellet after high speed centrifugation (25) . As shown in Fig. 1A , the addition of aluminum fluoride and GDP caused dynamin to shift from the supernatant to the pellet, which indicated that the majority of dynamin was polymerized (compare control to GDP/AlF x ). Under these conditions ϳ80% of the total dynamin was found in the pellet, whereas only ϳ30% was in the pellet under control conditions (control, GDP alone, or AlF x alone) (Fig. 1B) .
Electron micrographs of dynamin incubated with aluminum fluoride and GDP revealed that dynamin had assembled into rings (arrowheads) and small spirals (arrows), as predicted by the sedimentation assay ( Fig. 2A) . These structures were indistinguishable from those seen under low salt conditions, with an outer ring diameter of ϳ50 nm and an inner ring diameter of ϳ30 nm (25) . The rings and spirals also formed when dynamin was incubated in low salt with aluminum fluoride and GDP (data not shown). In comparison, dynamin incubated under control conditions (no additions, AlF x alone, or GDP alone) did not polymerize into spirals but remained disassembled as slightly curved, elongated structures (Fig. 2B) .
Upon investigation of the effects of ␥-phosphate analogues on dynamin by overnight dialysis with varying concentrations of GDP (1 M to 1 mM) and beryllium fluoride, we found that 10 M GDP was most effective in shifting dynamin to the pellet (Fig. 3) . This is consistent with the affinity of dynamin for GTP (10 -100 M) (13), although the affinity of dynamin for GDP may be different, as it has yet to be determined. Negative stain images of dynamin dialyzed with beryllium fluoride and 10 M GDP showed a noticeable difference in the spiral length (Fig. 4) when compared with diluting dynamin into GDP and aluminum fluoride (Fig. 2A) . This may be the result of a higher protein concentration (1 mg/ml) or slower addition of metallofluoride and GDP to dynamin by dialysis. No assembled structures were seen when dynamin was treated with GDP alone, although an occasional ring was seen in the presence of beryllium fluoride alone (data not shown). This suggested that there may have been a residual amount of GDP still bound to dynamin after purification. When dynamin was dialyzed for several hours to remove any bound GDP and then treated with beryllium fluoride, no rings or spirals were observed.
Upon dialysis into 10 M GTP␥S, ϳ75% of dynamin appeared in the pellet after centrifugation (data not shown). Electron micrographs of dynamin treated with GTP␥S revealed that rings and spirals formed, although these structures were not as refined or extensive as those seen with beryllium fluoride and GDP (Fig. 4B) . When dynamin was dialyzed into 100 M GTP␥S, only ϳ45% of it was found in the pellet compared with ϳ30% for the control (HCB150 alone), and just an occasional ring or small spiral was observed by electron microscopy. Dynamin dialyzed with GMP-PNP, however, did not form spirals (data not shown).
In addition, we found that dynamin dialyzed overnight with GDP and vanadate remained predominantly in the supernatant, and spirals did not form (data not shown). We also examined a dynamin mutant (K44A) that is defective in GTP binding (20, 22) and found it required at least 10-fold more GDP than wild type to have the equivalent amount of dynamin in the pellet or assembled into spirals (data not shown). This is consistent with the mutant having a lower affinity for guanine nucleotides.
The removal of the C-terminal domain of dynamin that yielded a ϳ90-kDa fragment did not prevent its assembly into spirals upon dialysis into beryllium fluoride and GDP (see Fig.  6A ). Furthermore, these spirals appeared more tightly ordered and compact than those observed with intact dynamin (compare Fig. 6, C and D) . In the sedimentation assay, the ϳ90-kDa species and some smaller fragments appeared in the pellet (Fig. 5, lane 4) . As expected, an antibody (␣-dyn) made against the N-terminal half of dynamin (amino acids 45-358) containing the GTP-binding domain (Fig. 5, lane 8) and a peptide antibody, MC13, against element I (amino acids 34 -48) (28) recognized the ϳ90-kDa fragment (Table I) . To determine whether the C-terminal ϳ10-kDa fragment remained associated with the assembled structures after digestion, we blotted with Hudy-1, a monoclonal antibody specific to this region (18) . As seen in Fig. 5 , fragments containing the epitope for Hudy-1 antibody appeared in the supernatant (lane 11). Dynamin further digested with subtilisin (1 h at room temperature) resulted Samples were dialyzed overnight and analyzed as described in the legend to Fig. 1 . Only ϳ10 -20% of dynamin was found in the pellet for controls (Ctrl., 1 mM GDP alone, and BeF x alone), whereas ϳ90% of dynamin was found in the pellet for 10 M GDP/BeF x , and ϳ80% of dynamin was found in the pellet for 1 mM GDP/BeF x .
FIG. 1.
Addition of aluminum fluoride and GDP causes dynamin to assemble under physiological salt conditions. A, sedimentation assay of dynamin (0.2 mg/ml) after incubation with HCB150 alone (Ctrl.), with GDP/AlF x , GDP alone, or AlF x alone. Samples were incubated for 15 min at room temperature and subjected to ultracentrifugation, and the resultant supernatants (S) and pellets (P) were analyzed by SDS-polyacrylamide gel electrophoresis and stained with Coomassie Blue. B, histogram representing the average amounts of dynamin in the pellet from four experiments.
␥-Phosphate Analogues Stabilize Dynamin Spirals
in a predominant ϳ40-kDa species that appeared in the supernatant after centrifugation (Fig. 5, lane 5) . Electron micrographs corresponding to these conditions revealed no rings or spirals (data not shown). The ϳ40-kDa species was also recognized by both MC13 (Table I) and ␣-dyn antibodies (Fig. 5, lane  9) . It should be noted that the ϳ40-kDa species was found in the pellet when present with higher molecular mass species (Fig. 5, lane 4 and 8) and C-terminal fragments were found in the supernatant (Fig. 5, lane 13) .
Proteolysis of dynamin with papain for 30 min at room temperature resulted in a major ϳ55-kDa and a minor ϳ30-kDa species that were subsequently found in the pellet upon dialysis with beryllium fluoride and GDP (Fig. 5, lane 16) . As with the ϳ90-and ϳ40-kDa fragments, the ϳ55-kDa fragment was also recognized by ␣-dyn and MC13 but not by Hudy-1 ( Table  I) . The ϳ30-kDa species was not recognized by the N-terminal antibodies, including MC63, which was generated against the peptide sequence 216 -241 (Table I) , or by the C-terminal antibody Hudy-1. Examination of papain-digested dynamin by electron microscopy revealed assembled spirals (Fig. 6B) ; however, they were more unraveled and disordered than spirals formed with either intact dynamin or with the ϳ90-kDa species. DISCUSSION We have shown that dynamin self-assembles into spirals under physiological salt conditions upon the addition of GDP and ␥-phosphate analogues or when dialyzed into a buffer containing GTP␥S. This is in contrast to previous findings in which dynamin assembled into spirals only under low ionic strength conditions (Ͻ50 mM), and once assembled the presence of guanine nucleotides (GTP, GTP␥S, and GDP) caused dynamin to disassemble (19, 25) . We suggest that the addition of GDP and the ␥-phosphate analogues beryllium fluoride or aluminum fluoride is mimicking a GTP or transition state. These results provide evidence that either the GTP or transition state of dynamin is the specific conformation necessary for its assembly at the necks of coated pits.
Beryllium fluoride and aluminum fluoride have been used in a variety of systems as ␥-phosphate analogues that may mimic GTP (ATP), GDP.P i (ADP.P i ), or GTP ϩ bound P i (ATP ϩ bound P i ) (29) . Addition of metallofluorides to structural proteins such as myosin (30) , tubulin (31), or heterotrimeric Gproteins (32) (33) (34) have shown that different states are mimicked depending on the analogue used and the protein in question. The addition of beryllium fluoride (or aluminum fluoride) and GDP to dynamin may mimic the GTP state because GTP␥S had similar effects on dynamin assembly. However, it is also pos- FIG. 4 . Dynamin assembles into rings and long extended spirals in the presence of beryllium fluoride and GDP or GTP␥S. Dynamin was dialyzed overnight (ϳ1 mg/ml) at 4°C in HCB150 containing 10 M GDP, 500 M BeCl 2 , and 5 mM NaF (A) or 10 M GTP␥S (B). These conditions resulted in the assembly of dynamin into rings and spirals. Control conditions did not yield assembled structures (data not shown). Scale bar, 100 nm. The four predominant proteolytic species found after digestion are labeled ϳ90, ϳ55, and ϳ40 kDa.
TABLE I Specific antibody recognition to intact and proteolyzed dynamin
Hudy-1 recognizes the proline-rich C terminus, ␣-dyn is against a peptide, which includes the GTP binding domain (amino acids 45-358), MC13 recognizes element I (amino acids 34 -48), and MC63 is against the peptide sequence 216 -241.
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sible that a transition state is being mimicked and that the polymerization of dynamin into spirals when treated with GTP␥S is the result of slow GTP␥S hydrolysis. Interestingly, neither vanadate in conjunction with GDP, which has been shown to mimic a slightly different nucleotide state in other proteins (29) , nor GMP-PNP had an effect on dynamin assembly. Vanadate may mimic a different guanine nucleotide state that does not favor spiral formation, or, as suggested by previous evidence, dynamin may have a lower affinity for vanadate than for the metallofluorides (41) . Dynamin has been shown to have similar affinities for GMP-PNP, GTP␥S, and GTP (39, 41) . This suggests that the spirals formed with GTP␥S treatment are due to slow hydrolysis, and therefore it may be a transition state that stabilizes dynamin assembly.
Previously it has been shown that the removal of the C terminus, which reduces the basic assembly unit of dynamin from a tetramer to a dimer, prevented spiral formation under low ionic strength conditions (25) . However, we found that the ϳ90-kDa fragment was still capable of assembly into spirals when dialyzed overnight with beryllium fluoride and GDP. In addition, the removal of the C terminus resulted in more condensed and tightly packed spirals than those observed with intact dynamin, which indicates, not surprisingly, that the basic proline-rich domain in intact dynamin interferes with compact packing. The assembly of the ϳ90-kDa fragment also suggests that the binding of any effector molecules to the C terminus, which stimulates dynamin GTPase activity, is not necessary for spiral formation in vivo.
In an attempt to determine the smallest fragment necessary for spiral formation, we further proteolyzed dynamin with subtilisin to a predominant ϳ40-kDa species and found that it failed to form any assembled structures. However, when dynamin was proteolyzed with papain to a major ϳ55-kDa species and a minor ϳ30-kDa species, it formed spirals, although they were more disordered than those observed with intact dynamin. The ϳ55-kDa fragment originated from the N-terminal half of the protein as indicated by antibody recognition to element I (amino acids 34 -48) . This suggests that the ϳ55-kDa species lacks the proline-rich C terminus, the coiled-coil domain, and pleckstrin homology domain, all of which have been suggested to play a role in dynamin assembly. However, the minor ϳ30-kDa species, which does not contain the GTP-binding domain, may contain the pleckstrin homology domain as well as the coiled-coil domain. Therefore, the ϳ30-kDa fragment, which also does not contain the C terminus, may provide the necessary domain for dynamin assembly when combined with the ϳ55-kDa species, because it is found in the pellet after centrifugation.
Given that spatially distinct domains of dynamin are involved in GTPase stimulation, it is not surprising that dynamin fragments are capable of interacting with each other after proteolysis. In addition to finding the ϳ55-and ϳ30-kDa fragments in the pellet, we also found that the ϳ40-kDa species is shifted to the pellet when present with higher molecular weight species. The binding of dynamin fragments to each other may represent interactions that occur in vivo within a single dynamin molecule or, more likely, between two different dynamin molecules because the GTPase activity of dynamin is concentration-dependent (16 -18) . Further analysis of the dynamin fragments should lead to the determination of the precise role of each of the domains of dynamin in assembly.
The requirements for dynamin assembly, as indicated by our proteolysis results, differ from the requirements shown previ- FIG. 6 . Proteolytic fragments of dynamin form rings and spirals. A, negative stain electron micrograph of the ϳ90-kDa dynamin fragment (ϳ1 mg/ml) after dialysis with beryllium fluoride and GDP at physiological salt conditions. Spirals are more tightly ordered than spirals formed with intact dynamin. B, electron micrograph of the ϳ55-kDa fragment, with the 30 kDa, after dialysis with beryllium fluoride and GDP. Spirals appear to be more unraveled than those of either the ϳ90-kDa species or the intact protein. Scale bar, 100 nm. C and D, montage of dynamin spirals from undigested dynamin (C) and from the ϳ90-kDa fragment (D) after dialysis with beryllium fluoride and GDP. Scale bar, 20 nm.
ously for membrane localization. It has been suggested that the SH3-binding domains within the C terminus are necessary for dynamin localization to clathrin-coated pits (35, 36) . Although the C terminus of dynamin may be necessary for dynamin plasma membrane localization, we have shown here that it is not essential for dynamin assembly.
The stabilization of dynamin spirals correlates well with previous in vitro results. It has been shown that aluminum fluoride does not prevent coated pit invagination but inhibits coated vesicle fission (24) . Considering our findings that the addition of aluminum fluoride and GDP stabilizes dynamin into tight spirals, it is not surprising that aluminum fluoride treatment results in an accumulation of constricted coated pits. Similarly, the fact that dynamin forms spirals when incubated with GTP␥S correlates well with the finding that synaptosomes treated with GTP␥S accumulate long tubular structures believed to be coated with dynamin spirals (26) .
Previously it was proposed that dynamin partners were essential for assembly of dynamin at the necks of coated pits under physiological conditions. Although it is likely that partners are necessary for dynamin localization to coated pits, partners may not be necessary for dynamin assembly because we show here that dynamin alone assembles into spirals under physiological salt conditions. Amphiphysin and other unidentified neuronal specific proteins may be responsible for dynamin membrane localization in neuronal tissue (35) (36) (37) , whereas the ubiquitous partner for dynamin localization to coated pits may be the appendage domain of ␣-adaptin (38) . However, the specific factor responsible for dynamin localization to the necks of constricted coated pits has not been identified. It is feasible that dynamin spontaneously forms spirals around the necks of invaginating coated pits once the necks reach a certain diameter. In this case, the necks may provide a similar backbone for dynamin assembly as microtubules and anionic lipid tubes do for dynamin assembly in vitro (39, 40) .
Whether dynamin plays a direct role in vesicle fission by providing a physical force to pinch off coated vesicles or an indirect role by creating a constricted neck that may allow spontaneous membrane fusion has yet to be shown. We are currently examining the structure of dynamin under a variety of conditions to determine if any conformational change occurs that may correlate with vesicle fission.
